As a new type of severe plastic deformation method (SPD), deformation of twist extrusion (TE) is mainly determined by the twist angle α and the helix angle β. And when the length of the spiral channel is constant, the twist angle α is indirectly decided to the helix angle β. The numerical simulation model of CuZnAl powder material was established by the finite element software Deform-3D and the influence of the different twist angle α on its densification behavior was simulated in the paper. The results show that spiral channel in TE die structure is a strong shear plastic deformation area and can produce high hydrostatic pressure, and then promotes material density of the powder porous materials. Moreover, the larger twist angle is favorable for densification of the sintered powder material but the densification of the material is not exactly proportional to the twist angleα, and it is the optimized design for TE die because of the minimal uniformity coefficient and the best relative density distribution for the twist angle 270°, too.
INTRODUCTION
Severe plastic deformation method (SPD) is an advanced forming process for the preparation of ultra-fine grain bulk materials and twist extrusion (TE) is a ________________________ Yue Li, Yong-zhi Li, College of Mechanical and Materials Engineering, Jiujiang University, Jiujiang, China representative one [1] . The principle of twist extrusion (TE) is shown in Fig. 1 (a) , in a special closed mold cavity with a helix angle β and a cross-sectional rotation angle α (the cross-section of the spiral channel is always orthogonally with the central axis and remains the unchanged same), shear plastic deformation in the metal billet is generated after twist deformation process, and a "cumulative" strain can be obtained after multi-passes twist extrusion deformation, so a new organization and performance enhancement can be acquired, too [2] . Obviously, the twist rotation angle βand the cross-sectional rotation angle α determine the strength of the strong deformation caused by the twist extrusion (TE), and when the spiral channel length is constant, the twist angle α affects indirectly the helix angle β [3] [4] . Therefore, it is very important to determine and design the optimum twist angle α. The numerical simulation model of CuZnAl powder material was established by the compressible rigid-viscoplastic finite element method based on Deform-3D software and the influence of different twist angle α on its densification behavior and deformation are simulated in the paper. 
NUMERICAL SIMULATION MODEL
The numerical simulation model of CuZnAl powder material was established based on Deform-3D software, and modeling model and tracking point selection were shown in Figure 1 (b) , and the angle α and the process parameters were set as shown in Table 1 . The size of the specimen was10mm×10mm×70mm, and the mold was set as rigid body and the temperature is 200°. In modeling model, the four-point tetrahedral element was used to mesh the sample and mold and the adaptive mesh re-division technique was used, The grids were divided into 30000, 12000 and 50000 respectively for the specimen, die and mold, too. The Conjugate-Gradient method and the Newton-Raphson iterative process were utilized and the contact friction was usually used. In addition, three tracking points (-26,0,0), (-26,2.5,2.5), (-26,4.85,4.85) in the cross section of the sample were selected, and the average value was calculated as the three tracking points.
RESULTS AND DISCUSSION

Effect of Twist Angle α on Hydrostatic Pressure
It can clearly be seen from the curve of mean hydrostatic stress-stroke of 3 tracking point on sample cross section in Figure 2 that the material is subjected to three-way compressive stress and the hydrostatic pressure is generated and rapidly increased when the specimen passes through the spiral channel area of the TE die. With the continuation of the TE process, the material entering the shear zone is increasing and the hydrostatic pressure changes in the cycle, and eventually material densification is promoted, but width of the hydrostatic pressure changes is different in the main deformation area for different twist angle α. The peak of the hydrostatic pressure with the twist angle 90° appears at the beginning of the crowning stroke, about 21.0MPa, and the hydrostatic pressure is the smallest, and the peak value of the hydrostatic pressure with the twist angle 270° is also about 49Mpa at the beginning of the crowding stroke, and the maximum fluctuation of the hydrostatic pressure fluctuates the upper and lower systolic pressure. The peak of the squeeze hydrostatic pressure with the twist angle 360° appears in the crowding in the poststage, about 51Mpa. It can be seen from Fig. 2 that the average value of hydrostatic pressure is the largest for the twist angle 270° and that of the twist angle 360° is secondly, so this explains that the hydrostatic pressure is not proportional to the twist angle α.
Effect of Twist Angle α on Densification
The equivalent cloud of the relative density in the cross section of the specimen under different twist angle α is shown in Fig.3 . It can be seen from Figure 3 that there has the better the densification of the sample with greater the twist angle α. After single pass of TE process, there has the minimum of the relative density of the central part for the specimen with the angle 90°, about 0.78, and the main value of the relative density is between 0.77 and 0.86. The main area density of the main value of the relative density for the angle 180° is between 0.87 and 0.90, the minimum value is 0.83 without damage for the whole sample. At the same time, the main value of the relative density for the angle 270° is between 0.88 and 0.96, the minimum value of 0.88 and there has a little damage for the whole sample; and there has the strongest densification effect for the angle 360°, about 0.86-0.95, but the specimen is seriously damaged, too. It can be seen that the densification process for the material sample will be accelerated and effective densification with the increase of the twist angleα after a single pass of TE process, In turn, there has increasing probability of damage for the material sample with the increase of the twist angle α and not conducive to material densification .
In addition, it can be seen that the process of densification for the specimen can be divided into three stages. The first stage is a rapid densification stage. When the material specimen with the initial relative density 0.72 enters the mold spiral channel, the shear plastic deformation immediately occurs and the hydrostatic pressure is increased and the internal pores of the specimen are closed, As a result, densification is occurred rapidly. In stable and densification secondly stage. With the specimen is continuously squeezed into the spiral channel of the mold, the shear plastic deformation is continuously strengthened and the hydrostatic pressure is cyclically changed. At this time, the sample continues to be compressed and densification because of the internal porosity closed, On the other hand, plastic deformation of the particles, brittle fracture with the interaction between the powder particles occurred which leads to material fine and densification, too. The third stage is the consolidation one. Under the action of extrusion, the tail of the sample is about to leave the spiral channel, the whole sample and the internal powder particles continue to withstand shear molding and hydrostatic pressure, the density continues to increase but the effect is not obvious, whole sample is in a rigid translation state until The tail of the specimen leaves the spiral channel. In a word, there has the better densification for the overall sample with the greater the twist angle α. After single pass of TE process, the average relative density of the cross-section of the specimen with the twist angle 360° is about 0.94 but there is only 0.84 for the twist angle 90°. Therefore, this is hope for the larger twist angle α of the TE die. 
Effect of Twist Angle α on Uniformity Coefficient of Relative Density
The compact uniformity of the powdery material is very important under the TE process. In order to further illustrate the effect of the twist angle α of the TE die on the dense uniformity of the cross section of a sample, the uniformity coefficient  is introduced. 
（1）
Where ， max  , min  , are  are respectively, the maximum, minimum and average relative density of the cross section of the sample, and the smaller the uniformity coefficient, the more uniform the density distribution. After a single pass of TE process, the relative density of the cross-section of the four twisted anglesα is shown in Fig. 4 . It can be seen from Fig.4 that the uniformity coefficient of C condition is the smallest, namely there has the best relative density distribution of the twist rotation angle 270°. Form the effect of the twist angleαof the TE die on the hydrostatic pressure, the density and the density uniformity, it can be found that there is the optimum design of the twist angle 270° and the best densification effect can be obtained, too. 
CONCLUSIONS
(1) Twist extrusion (TE) process has a strong deformation and densification effect on the powder material, and the spiral channel of the TE mold is the main deformation area, the hydrostatic pressure is the main cause of densification, but the hydrostatic pressure is not proportional to the twist angle α.
（2） After a single pass of TE process, the average relative density of 3 tracking point on sample cross section with the twist angle 270° and 360° is 0.92 and 0.94, respectively, but that of the twist angle 90° and 180°, respectively, only 0.84 and 0.89. It is shown that there has the better the overall densification of the sample with the greater the twist angle α, but there has larger damage to the specimen for the greater the twist angleαin turn.
（3） The special spiral channel structure of TE die will lead to anon uniformity of density in the cross section of the materical specimen, and it is the optimized design for TE die because of The minimal uniformity coefficient and the best relative density distribution for the twist angle 270°.
